Coleonema album, a member of the South African 'Fynbos' biome, was evaluated for its antioxidant and free radical scavenging activity. Ethanol-and acetone-based extracts from plant material obtained from two different geographical areas were analysed. A bioassay-guided fractionation methodology was followed for screening of active compounds. The 1,1-diphenyl-2-picrylhydrazyl (DPPH)-TLC method revealed the presence of a number of antioxidants which were quantified by the DPPH-spectrophotometric assay and the oxygen radical absorbance capacity (ORAC) assay. The C. album extracts possessed significant in vitro antioxidant activity, a large portion of which appeared to be contributed by the phenolic compounds. In contrast, the reducing power of the extracts could not be correlated with the observed antioxidant activity. Identification and structural information of the active components were obtained by a combination of preparative TLC and LC-MS which revealed the presence of coumarin aglycones and glycosides. The results of this study indicate that C. album contains strong antioxidants that warrant further investigation into the relationship between the structure and activity of the active coumarin metabolites.
In recent years there has been an increased interest in the application of plant-derived antioxidants in the health care sector, as information is constantly gathered linking the development of human diseases to oxidative stress and free radical attack on biomolecules [1] [2] [3] . Due to the fact that these reactive oxygen and nitrogen species (ROS/RNS) are constantly produced by endogenous processes to perform metabolic functions, there is always the potential for ROS/RNS-mediated damage to biomolecules.
Such oxidative damage is accompanied by changes in the structure and function of these biomolecules, which is then manifested in clinical disorders and enhancing of the aging process [4, 5] . In a biological system, an important balance must be maintained between the formation of ROS/RNS and their removal. In addition to the primarily enzymebased antioxidant defence systems, aerobic organisms have the ability to synthesise or accumulate antioxidants -molecules that can readily react with and quench these reactive species before they can inflict oxidative damage to vital biological molecules [6] . Plants are a valuable dietary source of antioxidants, as they have developed a great variety of protective antioxidants against chemical insults during metabolism to regulate, inhibit, or avoid damaging effects connected with oxidative processes or during oxidative-stress conditions [7] . Plants contain various free radical scavenging molecules, such as flavonoids, anthocyanins, coumarins, carotenoids, and glutathione. Among the components of plant metabolites, phenolics have received increased attention as epidemiological studies have indicated that the consumption of food and beverages rich in phenolics is correlated with reduced incidence of various diseases linked to oxidative stress [1] [2] [3] 8] . Many of these phytochemicals have antioxidant activity and may help protect cells against the oxidative damage caused by free radicals. phenolic acids, flavonoids, and the less common stilbenes, lignans and coumarins [9] . Flavonoids represent the most widespread and structurally diverse group of the phenolics. They possess ideal structural chemistry for free radical scavenging activities [10, 11] . Similar relationships between the structure and antioxidant have been found for the coumarins. The presence, number and location of the hydroxyl groups on the coumarin ring significantly influence the antioxidant properties. The cyclic structure and conjugated double bond system are expected to be partially stabilised by electron delocalisation, conferring stability to the radical form [12] .
As part of an investigation into medicinal properties associated with South Africa's indigenous plant biome, Coleonema album Bartl. & Wendl.f., a member of the Rutaceae, was evaluated for its free radical scavenging activity. C. album, also known as the Cape-may or confetti bush, is a heath-like shrub covered with clusters of tiny white flowers and fine pleasant smelling aromatic leaves. The main population centre is the Cape peninsula, although it is also widely cultivated in gardens across South Africa [13, 14] . Although C. album and C. pulchellum have previously been investigated for antibacterial and antifungal activity, relatively few investigations have been made into the potential biological activities of these species [15, 16] . The present study investigated the occurrence of natural antioxidants present in Coleonema album in order to identify the main antioxidant compounds present in the plant extracts and to clarify the structural elements conferring antioxidant capacity in the analysed systems.
No universal assay for antioxidant activity exists because antiradical activity greatly depends on the nature of ROS, the method of ROS generation, as well as the mechanism of antioxidant action. Different model antioxidant systems are used to facilitate the screening, identification, and comparison of antioxidant activity of crude plant extracts, purified compounds and standard antioxidants. Because these different methods are typically based on the inhibition of the accumulation of oxidized products, it is important to choose relevant ROS and sources generating such species in the characterization of antioxidants.
Due to their high reactivity, ROS differ greatly in their lifetime and chemical properties and thus cause difficulties in their direct detection and evaluation. A stable free radical, such as DPPH • was used for the initial screening of potential antioxidant sources. A-1, A-2 and E-1, E-2 refer to acetone and ethanol extracts from plant group 1 (Cape) and 2 (Highveld) respectively. The TLC-DPPH method has been widely used in the screening of various natural products for antioxidant compounds [17, 18] . As can be seen in Figure 1 , screening the plant extract for antioxidant activity revealed the presence of a number of antioxidant compounds in the extracts from C. album.
Visualization of the compounds with antioxidant activity enabled the localisation of the active compounds in crude plant extracts before any sample purification. The compounds were well separated with mobile phase 1 while the more polar mobile phase 2 managed to mobilize more compounds from the origin.
Quantification of the radical scavenging capacity (RSC) involved the measurement of the disappearance of the coloured free radical, DPPH • . The conventional DPPH spectrophotometric method is commonly employed in antioxidant studies and offers a rapid, low cost technique with which to quantify the RSC of crude plant extracts [19] [20] [21] . This method is not specific to any particular antioxidant component but applies to the overall antioxidant capacity of the extract. Evaluation of the antioxidant activity in terms of EC 50 values indicated that the antioxidant activity of the samples decreased in the following order: vitamin C > Trolox > A-2 > A-1 > E-1 > E-2 (Table 1 ). Significant differences (p=0.003) were noted between the antioxidant activities obtained for the plant material collected from the different geographic populations of C. album, suggesting that there are variations in the antioxidant activities brought about by geographic or possible genetic differences.
Comparison of the RSC of each extract indicated that there was a linear correlation between the RSC and extract concentration, except for A2 ( Figure 2 ). The A-2, followed by A-1 extract, exhibited the highest free radical scavenging activity. This corresponded with the high antioxidant activity seen for the acetone extracts in the TLC-DPPH screening method (Figure1). Due to the absence of a standard unit for measurement and quantification of antioxidant activity, the total antioxidant activity of natural metabolites is often expressed as vitamin C equivalents [20] , calculated on a weight basis as indicated in Table 1 . Since DPPH • is not a natural free radical found in biological systems, the plant extracts were screened for radical scavenging activity against peroxyl radicals. Peroxyl radicals are a common free radical found in biological systems, where the formation of peroxyl radicals is the major chain-propagation step in lipid peroxidation. The ORAC assay is based on the detection of peroxyl radical damage to the fluorescent probe, fluorescein, where under appropriate conditions, the loss of fluorescence in the presence of a free radical is an index of the oxidative damage to the molecule. In the presence of an antioxidant the inhibition of free radical damage is reflected in protection against the decrease in fluorescence. Trolox, used as a reference compound for antioxidant activity, reacted rapidly with the generated peroxyl radicals and afforded protection of the fluorescein molecule for a certain period of time, the lag phase. Extracts afforded concentrationdependent protection to fluorescein against the peroxyl generator, AAPH, for certain periods of time after which the kinetics of the damage to fluorescein were essentially the same as in the blank (Figure 3) . A linear correlation between the sample concentration and ORAC values, representing the concentration-dependent response, was obtained from each of the extracts tested, with the following correlation coefficient values: E-1 (0.958); E-2 (0.964); A-1 (0.975) and A-2 (0.919).
Plant phenolics constitute one of the major groups of compounds acting as primary antioxidants or free radical terminators; and the concentration in the various extracts was accordingly determined. The antioxidant activity of isolated antioxidants in a number of studies was found to be mostly due to the polyphenolic compounds present in the plant extracts and was correlated with the total polyphenol content of the natural product [22] [23] [24] . The correlation observed between ORAC antioxidant activity and total phenolic content of each extract (Table 1) suggested that the presence of polyphenolic compounds were mainly responsible for the antioxidant activities.
It was also investigated if the antioxidant mechanism of the extracts was the result of their reducing power, in that the compounds act by donating electrons to free radicals and convert them to more stable products, thereby terminating the free radical chain reaction. The reducing power of different extracts was thus determined by their ability to reduce ferricyanide. It was observed that the reducing powers of the extracts tested were markedly lower than that of the standard antioxidant BHA. The reducing power of the best test extraxt, E-2 was only 29.5% that of BHA (data not shown). The reducing power of the extracts tested could not be correlated with the antioxidant activity observed in the DPPH and ORAC assays.
TLC separation of the plant extracts revealed them to be a highly complex mixture. The constituents, however, could be adequately separated by RP-HPLC and some of them were characterized by comparing their LC-MS profiles with those available in a standard library. While the HPLC profiles (Figure 4 ) of the extracts obtained from the Cape (1) and Highveld (2) area were similar, the acetone extracts contained more metabolites compared to the ethanol extracts. The results matched well with those of the TLC-DPPH assay.
To obtain preliminary information on the active components, the structures of the compounds responsible for the antioxidant activity were determined following preparative TLC and zone identification by means of DPPH detection, extraction from the silica and concentration before LC-MS separation. For some of the peaks the acquired mass spectra showed sufficient agreement with one of the library entries and thus allowed the assignment of a predicted structure, within a certain percentage of probability. The structures for the compounds that showed a 80% or more agreement with the library entries are indicated in Scheme 1.
Flavonoids as well as coumarins, are frequently identified as the main compounds responsible for the antioxidant activity in an array of different natural sources [11, 25] . Of the phenolic compounds responsible for the antioxidant activity, seven could be identified as indicated in Scheme 1 and Table 2 . The only flavonoid identified was 2-(3,4-dihydroxyphenyl)-3-(β-D-glycopyranosyloxy)-5,7 di-hydroxy-4H-1-benzopyran-4-one (7) . This compound, quercetin 3-galactoside, is a water-soluble flavonoid with well-known antioxidant activity found in most plant tissues. Glycosylation of the flavonoids might enhance their bioavailability but generally lead to weaker antioxidant activity in comparison with the corresponding aglycone [11] . Coumarin derivatives dominated the rest of the identifiable compounds and include:
, and the linear furanocoumarin, 2-isopropenyl-2,3-dihydrofuro[3,2g]chromen-7-one (6) . Various furanocoumarins have previously been reported to show potent antioxidant activity [7, 12] . In addition, vitamin E, a cellpermeable antioxidant that protects cell membranes and other fat-soluble molecules, was also identified.
Coumarins comprise a very large class of phenolic substances found in plants. To date more than 1300 coumarins have been identified from various natural sources, principally as secondary metabolites in green plants [26, 27] . Coumarin compounds have been reported to be widespread in the Rutaceae family. Previous investigations have reported the presence of coumarins and various structural derivatives thereof in the genus Coleonema [28, 29] .
Coumarins and flavonoids are phenolic compounds that have been demonstrated to be potent antioxidants based on their phenolic hydroxyl groups [7] . They possess ideal structural chemistry for free radical scavenging activity [8] . Several investigations into the structural-antioxidant relationship have been undertaken in recent years [12] . A definite link has been observed between certain functional groups attached to the nuclear structure and the free radical scavenging ability of the flavonoids and coumarins. This included the arrangement and total number of hydroxyl groups responsible for donating a hydrogen atom or electron to the radical, and the presence of an unsaturated aromatic structure with electron rich functional groups, such as oxygen atoms and methyl groups, conferring stability to the resultant antioxidant-radical by optimal electron delocalization It can therefore be concluded that C. album was found to possess a varying degree of radical scavenging activities that could be attributed to the presence of a number phenolic compounds. Extract preparation: C. album plant material was obtained from Kirstenbosh National Botanical gardens, Western Cape fynbos biome, (plant group 1) and from nurseries in the Highveld region (plant group 2). Extracts were prepared according to the method described by Eloff [30] . Briefly, fresh plant material was homogenized (15 g per 100 mL) using an Ultraturrax homogenizer and repeatedly extracted with 100% acetone (A-1 and A-2) or ethanol (E-1 and E-2). The insoluble plant material was removed by centrifugation and the liquid phase evaporated to dryness under reduced pressure at 40°C. The powdery extracts (66.5 mg g -1 ) were solubilised in acetone and ethanol to a final concentration of 100 mg mL -1 and clarified by centrifugation just before use.
TLC-DPPH antioxidant screening:
Thirty microliters of the C. album extracts (A-1 and A-2) were loaded as a 1 cm band on the origin of the silica gel G60 F 254 TLC plate. The chromatograms were developed using a mobile phase of CHCl 3 -MeOH (19:1) or (16:4) . Plates were viewed under UV light (254 and 366 nm) to locate the UV active compounds. The developed chromatograms were sprayed with an 800 µM DPPH • , 100% methanolic solution until just wet and incubated for 1 h [17] .
DPPH radical scavenging assay:
The radical scavenging activity (RSC) was measured based on the ability of different compounds to scavenge the stable free radical, DPPH • , compared with vitamin C, a standard antioxidant, in a dose-response curve [20] . The powdered extract was dissolved in 70% ethanol to yield a final concentration of 100 mg mL -1 . A two fold serial dilution (4.87 µg mL -1 to 625 µg mL -1 ) of extract and vitamin C (0.78 to 100 µg mL -1 ) was performed in 70% ethanol. A total of 315 µL of a 90 µM DPPH • methanol solution was added to 35 µL extract or vitamin C solution in 96-well microtitre plate wells (Nunc, USA). After 1 h of incubation, the absorbance values were measured at 540 nm with a microtitre plate reader (Labsystems Multiscan MS). The EC 50 value for each sample was determined graphically by plotting the percentage disappearance of DPPH • and calculated by the following formula, as a function of the sample concentration. The DPPH • solution without sample added was used as the control. % DPPH • absorbance = (extract absorbance / control absorbance) x 100.
Oxygen Radical Absorbance Capacity (ORAC) assay:
The procedure for performing ORAC assay was according to [31] [32] [33] . AAPH (2,2- Total phenolic content analysis: The amount of total phenolics in the plant extracts was determined using the Folin-Ciocalteau reagent [34] . The acetoneextracted powder was dissolved in 80% methanol to yield a final concentration of 100 mg mL -1 . The extract was centrifuged for 10 min at 15,700 x g and the resulting supernatant used. The supernatant (50 µL) was diluted to 0.25 mL with 50% methanol and 0.25 mL half strength Folin-Ciocalteau reagent added and mixed thoroughly. After 3 min, 0.5 mL of a saturated aqueous sodium carbonate solution was added and again thoroughly mixed before incubation in a water bath at 25°C for 1 h. After centrifugation, the absorbance was determined at 750 nm. A blank of 50% methanol was incorporated. Gallic acid (3,4,5-trihydroxybenzoic acid) was used as a phenolic standard to construct a standard curve ranging form 0.125 to 8 µg mL -1 . All reactions were performed in triplicate and expressed as gallic acid equivalents (GAE).
Reducing potential determination:
The total reducing power of the extracts was determined with butylated hydroxyanisole (BHA) as standard [35] . Different concentrations of C. album acetone and ethanol extracts (150, 200, 250 and 300 µg mL -1 ) in 1 mL of methanol were mixed with 2.5 mL of phosphate buffer (0.2 M, pH 6.6) and 2.5 mL of 1% potassium ferricyanide (K 3 Fe(CN) 6 ). The reaction mixtures were incubated at 50°C for 20 min, followed by the addition of 2.5 mL 10% trichloroacetic acid and centrifugation at 5311 x g for 10 min. Finally, 2.5 mL of the upper layer solution was mixed with 2.5 mL of distilled water and 0.5 mL 0.1% FeCl 3 and the absorbance measured at 700 nm. Higher absorbance values indicated greater reducing power.
Fractionation of the extracted plant material by TLC:
Silica gel G60 F 254 sheet glass and aluminium plates were used for the chromatographic separation of the extracted plant material. The chromatograms were developed in a glass tank saturated with solvent vapour, using a mobile phase of CHCl 3 -MeOH (19:1) or (16:4) . Plates were viewed under UV light (254 and 366 nm) to locate the UV active compounds.
Isolation of the antioxidant compounds:
Preparative TLC on silica gel G60 F 254 plates was used for the initial fractionation of the crude extracts and isolation of the antioxidant compounds. Dry powdered extracts (100 mg) was dissolved in 1 mL acetone. The extract (240 µL) was applied as 4 cm bands at the origin of the TLC plate. In order to localise the antioxidant compounds, a two-cm strip on a developed TLC plate was sprayed with 800 µM DPPH. The bands containing the antioxidant compounds were marked and the silica scraped off. The active compounds were repeatedly eluted from the silica by HPLC grade acetone. The samples were then centrifuged (13 000 x g, 15 min) to remove the silica and the fractions combined. The supernatants were dried under vacuum overnight and the residue (0.6 to 8.5 µg) redissolved in 100 µL acetone of which 10 µL was subjected to LC-MS for structure determination.
HPLC and LC-Mass spectrometric analysis:
Chromatographic separation was performed on an HPLC (Shimadzu) that consisted of SCL 10AD VR Shimadzu system controller; LC-10AT VP Shimadzu binary gradient solvent delivery system; SIL 10AD VP Shimadzu auto-injector and a SPD-M10A VP photodiode array detector. Data were interpreted by Shimadzu Class VP version 6 software. Fractions (10 µl) were injected directly onto the Xterra RP18 5 µm RP-HPLC column (3.9x150 mm; Waters). Chromatographic separation was obtained by gradient elution using a HPLC grade water and acetonitrile (Riedel de Haën) gradient, programmed as followed: 5% acetonitrile for 5 min, increased to 95% over a period of 35 min, kept there for 5 min and then decreased to 5% over a period of 5 min.
The active compounds isolated by preparative TLC and separated by HPLC were subjected to mass spectrometric analysis for structure determination. LC-MS analysis was carried out on a HPLC system (Waters 2690) equipped with both a 996 photodiode array detector (PDA) and a tetra beam mass selector detector (TMD), operated in electron impact (EI) mode (maximum mass 1000m/z). The National Institute of Standards and Technology (NIST/EPA/NIH 2004; http://www.nist.gov) mass spectral database was used for identification.
Statistical analyses: Statistical analysis of results
was performed on SPSS for Windows, version 11.0.11 (2001) . ANOVA (analysis of variance) was used to determine the significant differences between the results obtained in each experiment. Each experiment, where possible, was performed at least three times, with each sample tested in triplicate. All results with p ≤ 0.05 were considered significant.
